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Introduction
Mild traumatic brain injury (mTBI), synonymous with concussion, is a prominent public health concern in the 
United States, with over 3 million injuries estimated annually (1). mTBI typically affects the frontal and tempo-
ral lobes of the brain, which are associated with executive function, learning, and memory (2). As these regions 
of the brain are still developing into the early twenties (3), student athletes are especially vulnerable to adverse 
effects following mTBI. Even more troubling, these repercussions can be exacerbated if  a second concussive 
injury is sustained prior to the resolution of the first, leading to the phenomenon of second-impact syndrome 
(4). Each mTBI subsequent to the first causes greater cognitive decrement and a longer recovery time. While 
multiple studies have shown that cognition returns to preinjury levels, at least in the short term (5, 6), long-term 
neurodegenerative conditions, such as chronic traumatic encephalopathy (CTE), may develop (7, 8).

Despite concerns about the long-term effects of  concurrent mTBIs, there are no clear clinical guide-
lines on when it is safe for a student athlete to return to play after mTBI. The current clinical standard only 
specifies that an injured athlete may return to play following symptom resolution (9, 10). Given that student 
athletes are typically highly motivated to return to the field, it is reasonable to suspect that athletic activities 
are likely to be resumed more quickly than they should and that young athletes might even minimize symp-
tom severity. Furthermore, an athlete may appear asymptomatic using standardized concussion interview 
instruments; however, the biological mechanisms that underlie complete recovery appear to lag behind (11).

Here, we present the current state of research aimed at discovering biomarkers that relate to the effects of  
and recovery from concussion/mTBI. There is a critical need for the identification of biomarkers for mTBI to 
aid diagnosis and to inform the establishment of more effective clinical guidelines for treatment based on objec-
tive findings rather than subjective symptom complaints. The long-term goal of these studies should be to better 
design personalized therapy for concussed individuals and, especially, to address concerns about when it is safe 
for injured athletes to return to play as well as concerns of any individual who has sustained a concussion.

Areas of discovery
While the state of the science of mTBI biomarker research is still in its infancy, there are several promising 
areas of discovery related to the pathology of the injury. mTBI causes several unique pathologic changes in the 
brain, leaving it vulnerable to subsequent injury. Alterations include local pathophysiological changes, blood-
brain barrier (BBB) disruption, cerebral blood flow (CBF) disturbance, axonal and neuronal cell body damage, 

Mild traumatic brain injury (mTBI) is a common occurrence, with over 3 million cases reported every 
year in the United States. While research into the underlying pathophysiology is ongoing, there is an 
urgent need for better clinical guidelines that allow more consistent diagnosis of mTBI and ensure 
safe return-to-play timelines for athletes, nonathletes, and military personnel. The development 
of a suite of biomarkers that indicate the pathogenicity of mTBI could lead to clinically useful 
tools for establishing both diagnosis and prognosis. Here, we review the current evidence for mTBI 
biomarkers derived from investigations of the multifactorial pathology of mTBI. While the current 
literature lacks the scope and size for clarification of these biomarkers’ clinical utility, early studies 
have identified some promising candidates.
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and the neuroinflammatory response. All of these areas of pathophysiology are still under active investigation 
and show promise for potential mTBI biomarkers, as discussed below and as illustrated in Figure 1.

Pathophysiology of mTBI
Examination of  the precise mechanisms of  concussion remains an active area of  research, though sev-
eral possible routes of  pathogenicity have been proposed. For example, indiscriminate neurotransmitter 
release and unchecked ionic fluxes occur as a result of  biomechanical injury to the brain (12–14). Excess 
excitatory neurotransmitter binding leads to further neuronal depolarization with efflux of  potassium 
and influx of  calcium. These ionic imbalances force the sodium-potassium (Na+-K+) pump to work 
overtime in an attempt to restore the neuronal membrane potential. As the Na+-K+ pump requires ATP, 
increased demand results in energy crisis, and this energy deficit puts the brain in a vulnerable position 
for subsequent injury (15, 16).

Following the period of  accelerated glucose metabolism to correct ion imbalances, the brain enters 
a period of  depressed metabolism. Calcium accumulation, when left unchecked, may impair mitochon-
drial oxidative metabolism and directly activate cell death. Such intra-axonal calcium flux has been 
shown to disrupt neurofilaments and microtubules, thereby impairing posttraumatic neuronal connec-
tivity (12, 17). The summation of  these changes is thought to underlie both the short- and long-term 
symptomatology seen in mTBI.

BBB disruption
BBB disruption has been linked to a variety of neurological disorders, and it is associated with more severe 
forms of TBI (18). In mTBI, BBB failure can either be pathogenically acute or become chronic without full 
resolution (19). After the primary injury, BBB disruption increases the permeability of brain vasculature and 

Figure 1. Physiological changes associated with mTBI that may facilitate biomarker discovery for this type of injury. Disruption of the blood-brain 
barrier (BBB) in response to mTBI may increase concentrations of brain-specific molecules in circulation, and evaluation of serum concentrations of these 
molecules may benefit mTBI diagnosis. Astrocyte-specific proteins, such as SB100 and GFAP, are found at high levels in the brain, and the presence 
of these in blood may indicate loss of BBB function or injury. Several neuron-specific proteins, including NSE, UCHL1, and PrPc, may be released from 
damaged neurons and could enter the blood if BBB integrity is compromised. Additionally, NFs can be released as the result of traumatic axonal injury. 
The presence of oligodendrocyte-specific proteins, such as MPB, in serum may also indicate mTBI. The presence of serum albumin, which is found at high 
levels in blood, in the CSF also indicates a breach of the BBB. Neuroinflammatory molecules, such as IL-6 and MMP9, in the CSF may also have potential to 
evaluate the extent of mTBI. Neuroimaging may also be useful, as CBF has been found to be decreased in some cases of mTBI.
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can expose CNS proteins to inflammatory cells, resulting in antigen unmasking and generation of CNS pro-
tein–targeting autoantibodies (20). Subsequent injuries could grant these circulating autoantibodies passage 
into the CNS compartment where they might disrupt microglia, astrocytes, and possibly neurons themselves 
(18). While the presence of CNS autoantibodies does not necessarily suggest autoimmune or neurological dis-
ease, the presence of such autoantibodies has been documented in several CNS disorders, such as epilepsy (21).

Biomarkers of BBB dysfunction
Unfortunately, there is not a reliable technique for directly and noninvasively measuring BBB integrity and 
function; therefore, we will discuss peripheral markers of  BBB dysfunction, which are indicative of  cerebro-
spinal (CSF) molecules in serum and/or serum components in the CNS.

CSF/serum albumin ratio. The CSF/serum albumin ratio has been used to examine BBB disruption 
in patients with severe TBI and remains the standard biomarker for BBB integrity (22–24). An increased 
CSF/serum albumin ratio has been reported in patients with severe TBI and indicates that albumin from 
the blood has passed into the CSF, indicative of  BBB damage (25). While an elevated CSF/serum albu-
min ratio is commonly reported for severe TBI, such changes have not been seen in concussion/mTBI, 
suggesting that either the BBB remains largely intact or the damage is transient, such that the CSF/serum 
albumin ratio is not sensitive enough to detect mTBI-associated BBB damage (11). Results from Shahim 
et al. support this notion, as in their small cohort study, the CSF/serum albumin ratio was unaltered in 28 
professional athletes with postconcussive symptoms (26). Despite the current lack of  utility of  this method 
for measuring possible BBB disruption in mTBI, more work should be done, perhaps with more sensitive 
techniques, such as mass spectrometry and/or proteomics.

Tight junction proteins. Tight junction proteins, such as the integral membrane protein occludin, have 
been suggested as another possible biomarker of  mTBI-associated BBB dysfunction (27). It is likely that 
the levels of  such proteins would be disrupted in BBB injury. Unfortunately, as occludin is not specific to 
the brain, its use as biomarker for diagnosis or confirmation of  mTBI has limitations (28). Other families 
of  brain-specific tight junction proteins may prove to be more selective biomarkers of  BBB integrity, but 
research in this area is lacking.

S100B. S100B is an astrocyte-specific CNS protein that is known to be upregulated in several neurologi-
cal conditions, including ischemia (29). Under normal conditions, S100B is concentrated in CSF, but due to 
the leak that occurs upon BBB disruption, serum S100B levels increase (29). Though the exact functions of  
S100B remain elusive, sensitivity of  S100B as a marker of  BBB leakage is comparable to that of  the CSF/
serum albumin ratio (18). It is possible that reactive glia upregulate S100B; however, a study by Marchi et 
al. refutes this possibility and shows that the rise in serum S100B levels is too early after injury to be due to 
synthesis by glial cells (29).

S100B is an important mTBI biomarker candidate, because serum levels of this protein have already been 
used experimentally to rule out mTBI in emergency room settings (30). In a clinical study of 1,560 patients 
with minor head injury, initial blood S100B levels had a high negative predictive value of 99.7% (30). This 
result shows blood S100B levels have great potential as a screening tool for physicians who may not be inclined 
to perform head CT in certain cases, such as younger patients who might need to avoid radiation or pregnant 
women. Unfortunately, lack of specificity, and the presence of extracerebral sources of S100B in peripheral 
blood, limits the diagnostic value. Moreover, elevated serum S100B has also been detected in patients with 
extracranial pathology, such as traumas and burns (31). Further caution is warranted by another study that 
found no relationship between serum S100B concentration and mTBI severity in a sample of 94 patients (32).

Plasma-soluble prion protein. Cellular prion protein (PrPc) is a ubiquitous glycoprotein that is at its high-
est concentration in the CNS (33). Because PrPc is located entirely within the extracellular domain of  the 
plasma membrane, it is reasonable to suspect that it may be released during a concussive event through 
BBB disruption (33). Indeed, transcription of  the prion protein gene (PRNP) is upregulated in a rat model 
of  concussion following blast exposure, resulting in increased serum levels (34, 35).

Little work has been done to measure changes in plasma-soluble PrPc in humans. For example, in a 
small 6-person cohort of  concussed Canadian collegiate athletes, plasma PrPc levels increased within 24 
hours after mTBI compared with those in healthy young adults and nonconcussed athletes (33). PrPc was 
also increased in athletes examined during the off-season, a sign that PrPc may be persistently elevated 
following mTBI (33). Further studies in larger cohorts are needed to confirm and replicate these results; 
however, these studies point to PrPc as a potentially relevant biomarker for identifying concussed athletes.
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CBF disturbance
After mTBI, there is a decrease in cerebral autoregulatory capacity that disturbs CBF (36). This impair-
ment in vasoreactivity after trauma has been attributed to increased endothelial NO production that in 
turn impairs smooth muscle response (37). Neuroimaging studies have confirmed that decreased CBF 
after mTBI is associated with neurocognitive deficits and symptom severity (38). For example, acute mTBI 
symptoms, such as migraines, have been associated with altered CBF to the trigemino-cortical pathway 
(39). Animal studies indicate that cognitive deficits and progressive decline in CBF can persist up to a year 
after the initial damage (40, 41).

Biomarkers of CBF disturbance
Neuroimaging. Current advanced neuroimaging techniques allow detection of  neuropathological alterations 
in mTBI patients at the millimeter to submillimeter level (42). In a functional MRI study of  concussed 
collegiate football players, decreased CBF was detected in several regions (1). While most individuals 
exhibited restored CBF at one month, a subset of  individuals had a persistent decrease in regional CBF 
(1). Subsequent studies, have shown that at later time points this type of  regional hypoperfusion in the 
frontal, prefrontal, and temporal cortices associates with neurocognitive deficits (1). These results suggest 
that determination of  regional CBF detection via neuroimaging has potential as an objective biomarker 
for tracking symptoms and recovery after concussion. A study of  44 collegiate football athletes showed 
decreased CBF in the dorsal midinsular cortex (dmIC) and superior temporal sulcus, both of  which are 
important for higher cognitive functioning, as compared with healthy controls one week after injury (43). 
Furthermore, CBF in dmIC at one-month after injury inversely correlated with concussion severity and 
symptom resolution (43). Future neuroimaging studies should examine not only functional activity after 
mTBI but also differences in functional connectivity as potential biomarker candidates (43).

Traumatic axonal injury
Multiple regions of  the brain can suffer axonal injury after concussion due to sheering forces that place 
tension on axon fibers (44). While immediate axonal disconnection typically does not occur following 
mTBI, the aforementioned disturbance of  the cellular environment caused by excess neurotransmitter 
release can result in secondary axotomy (45). Secondary axotomy occurs where the initial injury disturbs 
membrane homeostasis, which in turn causes axonal damage and threatens cell integrity (46). Such focal 
axonal (Wallerian) degeneration can lead to further damage through demyelination (47).

Biomarkers of traumatic neuronal/axonal injury
Tau protein. The axonal protein tau stabilizes microtubules, and tau-dependent regulation of  microtubule 
dynamic stability allows cytoskeleton reorganization. Tau also influences axonal transport by its interac-
tions with the dynein and kinesin motor proteins. Tau is subject to posttranslational modifications, includ-
ing methylation and glycation; therefore, tau behavior is subject to change in response to injury (48) and 
is likely to vary from its normal physiological function in mTBI. For example, binding affinity of  tau is 
decreased by posttranslation modification (1); thus, hyperphosphorylated tau (p-tau) destabilizes microtu-
bules and alters axonal transport, leading to impaired neuronal function (1).

Animal models have shown a link between mTBI and an increase in p-tau depositions, which are 
associated with neurobehavioral abnormalities (1). While human studies have been limited, extensive 
p-tau pathology throughout the brain has been observed in late-stage CTE, which is considered a sequelae 
of  multiple mTBIs (1). However, the presence of  p-tau alone may not be CTE specific, as patients with 
temporal lobe epilepsy also exhibit similar patterns of  tau deposition in resected tissue (49). Pathological 
tau deposition in the brain is common among familial neurodegenerative disorders, including Alzheimer 
disease; therefore, p-tau alone has limitation as a mTBI-specific marker. While p-tau may not be specific 
for mTBI, a recent study of  196 patients with acute TBI found that the ratio of  p-tau to total tau served as 
a good diagnostic and prognostic marker for acute TBI across different severities, as measured by Glasgow 
Coma Scale (GCS) scores (50). This result suggests that tau still does have potential as a biomarker of  
mTBI, warranting further study.

UCHL1. The deubiquitinase ubiquitin carboxyl-terminal hydrolase isoenzyme L1 (UCHL1) is high-
ly expressed in the neuronal cytoplasm (51, 52). While UCHL1 only comprises approximately 1%–2% 
of  total soluble protein in the brain, it is also present in the peripheral nervous system at neuromuscular 

https://doi.org/10.1172/jci.insight.97105


5insight.jci.org      https://doi.org/10.1172/jci.insight.97105

R E V I E W

junctions (53, 54). Studies of  UCHL1 as a serum biomarker have had conflicting findings. In a small 
study of  nine mTBI participants, serum UCHL1 was elevated but was not proportional to white matter 
damage (55). A larger, prospective cohort study of  96 patients with mild (n = 86) to moderate (n = 10) 
TBI showed that UCHL1 was detectable in serum within 1 hour of  injury and associated with measures 
of  injury severity, including GCS score, lesions seen during brain imaging, and the need for neurosurgi-
cal intervention (56). In contrast, another study of  15 collegiate football players found no significant dif-
ference in serum levels of  UCHL1 between mTBI-positive individuals and controls who did not sustain 
concussion (57). These mixed results warrant caution for future efforts into this biomarker.

Neurofilaments. Neurofilaments (NFs) are of  interest as potential mTBI biomarkers and are specific to 
the CNS. As NFs are found in axons, which are extremely sensitive to concussion-induced damage, NF 
changes have potential to be an excellent biomarker of  mTBI-triggered axonal damage (58–60). NFs have 
three components (light, medium, and heavy chains), the latter of  which can be phosphorylated (pNFH). 
pNFH is responsible for protecting NFs from degeneration (59). Though promising, the potential of  pNFH 
as a biomarker of  mTBI and recovery has not been thoroughly explored. While a rat model of  concussion 
injury showed no increase in serum pNFH, a single study in mTBI patients found a rise in serum pNFH 
levels on days one and three after injury, with high sensitivity and specificity at both time points (>96%) 
(59). Given these promising results, pNFH should be further explored in future prospective, replication 
studies in larger study populations.

NSE. The glycolytic enzyme neuron-specific enolase (NSE) is enriched in neuronal cell bodies and 
thus is seemingly suitable as a candidate as a marker of  neuronal damage. Initially identified in serum 
and CSF of  head trauma and comatose patients, NSE levels in CSF are proportional to TBI severity and 
associated with increased mortality rates in cases of  moderate or severe TBI (61–63). Studies on CSF 
NSE levels in patients with mTBI are lacking. Additionally, NSE is sensitive to hemolysis, a significant 
limitation for a potential serum biomarker. NSE is also present in erythrocytes and endocrine cells (64); 
therefore, in vitro lysis of  erythrocytes from blood contamination in CSF samples raises NSE levels and 
provides a potential confounder (65).

GFAP. Unlike NSE, the intermediate filament protein glial fibrillary acidic protein (GFAP) is almost 
exclusively expressed in astrocytes, though it can be found in Leydig cells of  human testis (64, 66). GFAP 
levels in CNS have been suggested to improve TBI outcome prediction models and may be able to serve as 
a marker of  intracranial injury (67, 68). In fact, GFAP in CSF has been reported to have higher diagnos-
tic accuracy than S100B (69) and was recently shown to have excellent accuracy in differentiating mTBI 
patients from controls (70). While the best candidate biomarker for mTBI remains to be determined, GFAP 
does have this clear advantage over S100B.

MBP. Myelin basic protein (MBP) is a component of  oligodendrocytes and the second most abundant 
protein in the CNS. Berger et al. found that there was no difference in initial levels of  serum MBP in a 
pediatric population with mTBI as compared with controls; however, there was a significant difference in 
peak MBP levels between patients and controls (71). Unfortunately, MBP levels do not increase promptly 
(48–72 hours after injury), making it unlikely that MBP could be useful as a screening tool. Once measured, 
however, the elevations in peak MBP levels persisted up to 2 weeks and were specific for future intracra-
nial hemorrhage (ICH), a potentially serious complication that can be occur after TBI (71). A persistent 
elevation in MBP following mTBI is promising and suggests that serum MBP may be useful for screening 
pediatric populations for mTBI. This marker would be especially useful in children who may not be able to 
communicate an mTBI event or symptoms to their caregiver. Further studies of  peak serum MBP levels in 
adult populations may yield fruitful results of  MBP as an mTBI biomarker.

Spectrin breakdown products. The cytoskeletal protein αII-spectrin is present in axons and neuronal pre-
synaptic terminals. During cellular injury it is cleaved to form spectrin breakdown products (SBDPs) (72). 
While studies in this area are limited, Siman et al. identified a subset of  mTBI patients with elevated plas-
ma N-terminal αII-spectrin fragment (SNTF), which is an SBDP cleaved by calpain (73). In these patients, 
the elevated plasma SNTF was 100% sensitive and 75% specific for predicting cognitive performance 3 
months after injury (72). In a subsequent study of  concussed hockey players (n = 28), elevations in serum 
SNTF returned to baseline as postconcussive symptoms resolved (74). In contrast, Berger et al. evaluated 
SBDP in a small (n = 11) pediatric population and found no statistical difference between mTBI and con-
trol patients (75). Thus, there appears to be some potential utility in SBDP levels as a biomarker for return 
to play (72) and as a predictive marker for persistent postconcussive symptoms.
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NGAL. Neutrophil gelatinase-associated lipocalin (NGAL) belongs to a family of  lipocalin proteins 
that bind or transport lipid and other hydrophobic molecules (76). While NGAL expression is sparsely 
detected in brain and peripheral nerves (77), it is currently accepted as a biomarker of  primary and sec-
ondary kidney injury. These studies have found NGAL to be elevated in both blood and urine samples of  
patients (78, 79). Moreover, NGAL is upregulated in the CNS of  animal models of  cerebral diseases, such 
as ICH (80). More recent animal studies have shown enhanced NGAL expression in the hippocampus 
after TBI, with peak elevation at day 1 (81). In a subsequent human trial, TBI patients (n = 54) exhibited 
increased of  NGAL elevation in serum compared with controls, an observation that was especially pro-
nounced in patients with severe TBI (82). There is a paucity of  data of  using NGAL as a potential mTBI 
biomarker, but NGAL merits further investigation.

Neuroinflammatory response
The culmination of  metabolic disturbances and neuronal damage ultimately trigger an inflammatory response 
that is characterized by local microglia infiltration and accumulation of  peripheral immune cells (83, 84). 
Local inflammatory cells scavenge cellular debris and create a barrier between the intact and damaged neuro-
nal tissues (85). Production of  local cytokines, proteases, and reactive free radical species is also stimulated by 
the microglia, further promoting the inflammatory cascade (86). Increased permeability of  the BBB following 
mTBI also allows accumulation of  peripheral immune cells (84). It is currently unknown whether or not these 
inflammatory responses are beneficial and promote neuron survival. Regardless, the clear presence of  inflam-
mation after mTBI hints that this immune cascade may contain potential biomarkers.

Biomarkers of neuroinflammation
Interleukins and other acute-phase inflammatory response proteins. Increased concentrations of  inflammatory 
proteins, such as IL-6, IL-8, and IL-10, in the CSF following injury have been reported in many studies 
(87–93). It is unclear if  this immune response is a result of  local production of  immune mediators or leak-
age of  these proteins across a compromised BBB. Regardless, there appears to be an association between 
proinflammatory proteins and poor clinical outcome in mTBI (90, 94, 95). A pilot study of  16 pediatric 
mTBI patients showed that increased concentrations of  both IL-6 and MMP9 had a sensitivity of  81% and 
specificity of  94% for mTBI diagnosis (96). Further studies of  inflammatory response molecules might 
yield other potential biomarkers.

Marinobufagenin. As mentioned previously, increased BBB permeability due to mTBI causes an ele-
vation of  proteins in compartments that were previously inaccessible. Such damage causes elevation of  a 
marinobufagenin (MBG), a cardiotonic steroid substance that is also released in response to renal artery 
stenosis (RAS) in humans (97). MBG not only initiates inflammation but also maintains the inflammato-
ry response; therefore, MBG levels in the circulation have been suggested as a potential candidate mTBI 
biomarker. In one of  the first studies in this area, 110 Division I football players donated urine samples for 
analysis of  MBG at baseline and again for up to 20 days after concussion (98). Urine MBG levels were 
highly elevated in concussed players, typically peaked between two and five days after injury, and correlated 
with neurocognitive symptoms (98). The persistence of  MBG in the urine was mixed among concussed 
players, with some maintaining MBG at levels even higher than what was observed in initial two-to-five 
day window (98). Based on these results MBG warrants further investigation as a potential biomarker for 
mTBI, especially in the context of  other inflammatory consequences of  this injury.

Genetic biomarkers
As we move forward into an age of  precision medicine, many genetic markers are also being tested for 
applicability as mTBI biomarkers. Potential genetic variations that affect the pathophysiologic biomarkers 
considered above could potentially contribute to the susceptibility of  an individual to injury and to the 
likelihood of  developing secondary sequelae, such as postconcussion syndrome and CTE, after an injury 
has occurred. Here, we will very briefly discuss two of  the leading candidates, located in the genes encoding 
apolipoprotein E (APOE) and brain-derived neurotrophic factor (BDNF).

APOE. APOE gene is a common target for studies on neurodegeneration, and the epsilon 4 allele has 
been shown to be one of  the biggest risk factors for development of  Alzheimer’s disease (99). Recent inqui-
ries into APOE have expanded into identifying associations between APOE mutations and the risk of  devel-
oping mTBI; however, the results have been mixed results. A recent systematic review concluded that the 
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presence of  the APOE epsilon 4 allele was noncontributory to mTBI diagnosis (100). However, the presence 
of  the epsilon 4 allele may contribute to the risk for long-term symptomatology after mTBI, especially in 
relationship to cognitive impairment (101) and fatigue (102), although the epsilon 4 allele was not associ-
ated with sleep disturbances (103). Furthermore, mTBI in early life may increase the risk of  Alzheimer’s 
disease in later life (99), making further inquiry into such associations justifiable.

BDNF. Like APOE, BDNF has been associated with various types of  neurodegeneration. The BDNFVal66Met 
allele was previously linked to a higher risk of  experiencing mTBI (104) and is also being investigated for its 
association with the potential for memory deficits following mTBI. Indeed, evaluation of  a small sample of  
war veterans with mTBI (n = 110) found that carriers of  the minor allele of  rs1157659 have less functional 
connectivity and atrophy in the hippocampus as compared with those that are homozygous for the WT allele 
(105), an association that would increase the likelihood of  memory problems.

Although interesting, as with other areas of  genetic inquiry, caution must be used. For each of  these 
potential candidates, the effect sizes and sample sizes are quite small. Much larger replication samples 
are needed in order to correct for false discovery rates and spurious results. However, the falling costs of  
sequencing and the increasing availability of  deep-sequencing methods make genetic biomarkers attractive 
candidates for future inquiry.

Conclusion
Unfortunately, the literature on mTBI biomarkers consistently suffers from a lack of  confirmation and 
replication across studies. Only a handful of  studies address each biomarker in a clinical context that is 
relevant to mTBI, which hampers clinical utility of  the results. Additional studies with larger sample sizes 
are sorely needed for clearer insight. Differences in patient age, sex, and underlying physiology can have 
potential implications in pathology and, therefore, can either mask or amplify the importance of  a particu-
lar biomarker for mTBI. Inquiry into potential biomarkers should be done iteratively from both preclinical 
and clinical models, with considerations to the relative importance of  each potential biomarker within the 
context of  other demographic and physiological changes, as is the case with the ratio of  p-Tau to total Tau. 
Each potential biomarker should be carefully considered for its future clinical applicability, with an eye to 
designing screening tests for bedside, battlefield, and sideline use. It is possible that the best screening tests 
may be developed from a union of  several different markers. More detailed investigations into the patho-
physiological consequences related to current list of  mTBI biomarker candidates may yield further insights 
and more useful mTBI biomarkers for clinical practice.
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